Long interspersed nuclear element-1 (LINE-1) or L1 elements are DNA elements present in the genome in high copy number and capable of active retrotransposition. Here we present a patient with severe chronic granulomatous disease (CGD) caused by insertion of an L1 sequence into intron 5 of the X-lined gene CYBB. Due to internal rearrangements, the insert introduced new splice sites into the intron. This resulted in a highly heterogeneous splicing pattern with introduction of two L1 fragments as new exons into the transcripts and concomitant skipping of exonic coding sequence. Because no wild-type cDNA was found, this mechanism is probably responsible for the patient's phenotype. The L1 fragment, which belongs to the Ta subset of transcriptionally active LINEs, illustrates a new mechanism by which these elements can modify the transcribed coding sequence of genes.
Introduction
Mobile elements, which represent about one third of the human genome, 1 have been recognised over recent years as a very important factor influencing the plasticity and evolution of the genetic material of most, if not all, organisms. 2 The largest group of these elements are the long interspersed nuclear element-1 (LINE-1) or L1 elements, which comprise 15-20% of the human genome. Although more than 100 000 L1s are estimated to exist, more than 95% of them are 5' truncated to a variable extent, and 10% are internally rearranged. Most of the remaining 3000-4000 full-length elements have been rendered inactive by various sorts of point mutations.
A LINE-1 consensus sequence has been described 3, 4 that defines the intact, active, full-length L1 element as a sequence of 6 kb, consisting of a 5' untranslated region (UTR) with an internal promoter activity, two open reading frames (ORF) separated by a 66-bp intergenic spacer, and a 205-bp 3' UTR ending with a poly-A tail. Typically, two short target duplication sites of variable length frame an L1 element.
ORF1 encodes a 40-kD RNA-binding protein with high affinity for the 5' end of ORF2 of the L1 transcript, whilst ORF2 has been shown to encode a reverse transcriptase with concurrent endonuclease activity. Based on these features, a model for retrotransposition of L1 elements has been proposed 2, 5 supported by a growing body of evidence. According to this model, the L1 transcript, together with its two gene products, forms a ribonucleoprotein complex that is subsequently transported to the nucleus. There, by means of the endonuclease component of the ribonucleoprotein complex, a nick is introduced at an arbitrary location of the genome, and the resultant lagging 3' end is used for target-primed reverse transcription. Subsequent second-strand synthesis will then result in a copy of the original LINE at a novel genomic location. So far, LINE-1 sequences have been implicated in 13 cases of human disease, in most instances due to insertion into the coding sequences of the affected genes. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Here, we describe a patient with chronic granulomatous disease (CGD), caused by L1 insertion into an intronic sequence of the X-linked CYBB gene. CGD is a severe congenital immunodeficiency syndrome caused by defects in the NADPH oxidase in phagocytic leukocytes. This enzyme is responsible for the generation of the reactive oxygen species used by phagocytes for the killing of various pathogens. Four different genetic forms of the disease have been recognised to arise from defects in four different subunits of the oxidase. 18 By far the most frequent form is X-linked, caused by defects in the gp91-phox subunit, encoded by CYBB.
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Materials and methods
Clinical history of patient HA
A boy was born of healthy parents in 1976 and presented in the newborn period with an S. aureus omphalitis. Search for an immunodeficiency was started at the age of 4 1 2 years, after a history of repeated infections. Absence of a chemiluminescence reaction and a negative nitroblue tetrazolium reduction (NBT) test of the neutrophils disclosed chronic granulomatous disease (CGD). An aberrant band in a Southern blot with probes directed against CYBB confirmed this diagnosis and indicated the X-linked form of the disease. Prophylactic antibiotic therapy reduced the incidence of infections in the years following diagnosis but, at the age of 22 years, the patient died due to complications of a fungal pneumonia.
Preparation of RNA and DNA Total RNA of the patient and a healthy control was purified from mononuclear leukocytes as described 19 and cDNA was synthesised. Genomic DNA was isolated from circulating blood leukocytes of the CGD patient, his parents, his sister and a healthy control with the Puregene kit (Gentra Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
PCR
The 13 exons with their adjacent intronic sequences (exon-1 + promoter) were amplified with the appropriate primer combinations (see Table 1 The cDNA of the coding region of CYBB was amplified with PCR in three overlapping fragments as described.
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XL PCR
XL-PCR products, spanning exon 5, intron 5 and exon 6, of the patient and a healthy control were obtained by means of the Expand High Fidelity PCR System from Boehringer (Mannheim, Germany) according to the manufacturer's recommendations. Briefly, the region of interest was amplified by XL PCR on an Omnigene thermocycler (Hybaid Limited, Teddington, Middlesex, UK), with 50-500 ng of genomic DNA as template in a total reaction volume of 100 µl. With the AmpliWax beads (Perkin Elmer Applied Biosystems, Warrington, Cheshire, UK) for the hot start technique, the PCR was run with the following settings. 
Cloning
The PCR products were purified with the GFX PCR DNA Gel Band Purification kit (Amersham Pharmacia Biotech, Uppsala, Sweden) and cloned into the pGEM-T vector (Promega) according to the manufacturer's recommendations.
Sequencing and sequence analysis
The purified templates were cycle-sequenced by means of the Big Dye Terminator Cycle Sequencing Ready Reaction kit 
Northern blotting
Twenty µg of total RNA from mononuclear leukocytes were used for Northern blotting as described previously.
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Southern blotting
Southern blotting, with 8 µg genomic DNA, was performed as previously described.
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Results
Routine mutation analysis of CYBB, ie sequencing of all 13 exons and their adjacent intronic sequences, showed no abnormalities in these parts of the gene, and investigation of the promoter region up to nucleotide -290 also failed to indicate any difference with the wild-type sequence.
We then sequenced the whole coding sequence of CYBB, with cDNA as a template. Here, the region comprising exons 5 and 6 was unreadable due to what seemed to be multiple overlayed sequences. After cloning the PCR product into the pGEM-T vector and sequencing nine insert-containing clones, we found a very heterogenous splicing pattern, with complete absence of the wild-type splicing pattern. Seven clones containing the same PCR product, obtained from the cDNA of a healthy control, showed the expected normal splicing pattern.
The observed heterogeneity was due to insertion of a LINE-1 fragment, in two versions of different length, in most of the clones, and various combinations of exon skipping (Figure 1 ). The LINE-1 fragments were inserted between exons 5 and 6 and corresponded to nucleotides 5220-5334 and 5220-5372, respectively, of the consensus sequence of active LINE-1 elements. 4 The LINE-1 fragments both contained stop codons within the reading frames found in the sequenced clones, predicting heavily truncated translation products. In pattern 5, without LINE-1 sequences in the cDNA (see Figure 1 ), the skipping of exons 5 and 6 results in a frameshift and leads to a stop codon 50 nucleotides further downstream.
To elucidate the mechanisms responsible for the insertions in the coding sequence we analysed three cloned XL-PCR products from genomic DNA, spanning intron 5 of CYBB, and found a truncated and fragmented LINE-1 element of 836 bp (not including the poly-A tail) inserted between positions 1880 and 1881 of the intron (Figure 2) .
The inserted sequence is framed by target duplication sites of 15 bp each and ends in a poly-A tail of about 70 bp. The first 31 bp of the element itself are inverted relative to the LINE-1-consensus sequence, whereas the following 11 nucleotides predicted by the consensus are missing. When we correct for these rearrangements, the 836 nucleotides of the fragment still differ at five positions (0.6%) from the established consensus sequence, thereby introducing two amino-acid substitutions into the predicted protein consensus sequence. Furthermore, sequence analysis showed that the insertion is part of the transcriptionally active Ta subset of LINEs. 22 The Ta subset has been shown to provide nearly all the active L1 elements found so far. 6, 23 The rearrangements within the inserted element create a new branch site as well as a new variant 3' splice site 24 in close proximity of each other. This activates two cryptic variant 5' splice sites, 24 115 bp and 153 bp downstream from the 3' splice site, the more 3' of which was created by one of the point mutations in the consensus sequence mentioned above. These splice-site combinations generate the two fragments we found inserted in the gp91-phox mRNA of patient HA.
To examine the effect of these rearrangements on mRNA stability, a Northern blot was performed that failed to detect any mRNA expression. Finally, a Southern blot confirmed the presence of an insertion in the gene CYBB of patient HA by demonstrating a band shifted from 7.2 kb to about 8.2 kb (Figure 3 ). This band, which represents the region between the 3' half of intron 3 and the 5' half of intron 6 of CYBB, was normal in the other family members (Figure 3 ).
Discussion
We have characterised an insertion of a truncated and internally rearranged L1 element as a cause of chronic granulomatous disease in a patient with the X-linked variant of this immunodeficiency syndrome. The molecular pathogenic mechanism described here differs from the previously reported cases of LINE-1 elements as determinants of phenotypic abnormalities.
Of the nine reported L1 insertions causative of human disease, seven are of exonic nature, thereby disrupting the gene structure, and only two are intronic. 11, 14 In the case of the somatic insertion in intron 2 of the myc locus 11 no further investigation into the pathogenic mechanism has been described, but failure of RT PCR indicated a complete absence of the gene-specific transcript due to the insertion of a L1 element into intron 1 of the RP2 gene.
14 In mice, several exonic and intronic LINE-1 insertions have been shown to cause altered splicing patterns. [25] [26] [27] [28] The murine beige phenotype is due to the intronic insertion of an L1 sequence in the beige gene, which results in the splicing of two L1 fragments of different length in between the neighboring exons. 29 This last case most closely resembles the mutational mechanism described in this article but differs in that no rearrangements of the inserted retrotransposon sequence, determining the aberrant splicing pattern, have been reported and in that no exonic sequence was lost during splicing. Figure 2) . Both of these sites, as well as the two newly activated cryptic 5' splice sites 115 bp and 153 bp downstream, are only weakly homologous with the respective consensus sites. 24 The homology is probably too weak to unambiguously define the exon/intron boundaries of the new 'exon', which would explain the observed highly heterogenous splicing pattern. Why, in eight out of nine cases (see Figure 1) , this results in retention of the weakly defined new exon and skipping of the adjacent, well defined ones remains to be explained. The variant splicing patterns strongly reduce the stability of the transcript of CYBB, since Northern blotting proved unable to detect any mRNA. Southern blotting indicated that the insertion must have occurred either in the mother's germline or during the A new exon created by LINE-1 insertion C Meischl et al y patient's early embryogenesis, since his mother and sister showed a normal restriction pattern (see Figure 3) . The LINE-1 element itself largely confirms the evolving line of evidence concerning the active subgroup of these retrotransposons. So far, nine out of ten L1 insertions in humans have been found to belong to the transcriptionallyactive Ta subset of LINEs (HH Kazazian, personal communication, 1999), and the present element also contains all of the four nucleotides that define this subset. 22 Furthermore, while the new L1 insertion described here differs in two residues from the consensus amino-acid sequence for ORF2 of active L1s (HH Kazazian, personal communication, 1999) , comparison with the nucleotide sequences from the L1 elements used for the construction of this consensus sequence shows that the responsible nucleic-acid substitutions can be found in some of the other active elements as well. This is relevant in two respects. First, it confirms and adds to the recently established consensus sequence. Second, it shows that the present element possibly also originates from an active predecessor -since all amino-acid substitutions have been found in other active elements as well -and this would further support the idea that the proteins encoded by LINE-1s preferably act in cis, by binding to their own mRNA. 4, 6, 30 Recently the sequence specificity of the L1 endonuclease has been described, 31 characterising the sequence motif 5'-TTTT-NN-AAAA-3' as optimal, with nicking to take place between the two Ns. The corresponding sequence in the present case, 5'-TTTA-AG-TACA-3', although suboptimal, is in agreement with this description. Taken together, our results, while confirming the present-day model of retrotransposition, describe a novel way by which LINE-1 elements are able to act on the functioning of the genome. 
